A simple method of producing high voltage pulses with short rising times based on electrostatic induction in external capacitor used for pulse power applications is proposed. The circuit has a simple structure and contains a minimum number of parts, which makes the instrument small and light weight.
The generation of pulses using discharge switches typified by a conventional gap switch has been continuously researched [6, 19] . Also, various high voltage pulse sources using insulatedgate bipolar transistor (IGBT) semiconductors with high voltage resistivity have been used as alternative switches [15] [16] . The Marx bank circuit is well known as an instrument that produces voltage pulses with low repetitive rates [6] . These instruments or electrical circuits have several advantages. However, their three main problems are: 1) a complex structure, 2) high cost, and 3) excessive weight, which is very hard to reduce. This paper proposes a new method of easily producing sawtoothed high voltage pulses with short rising times and low repetitive rates based on electrostatic induction in the external capacitor.
The proposed circuit has a simple structure and no moving parts. Thus, the instrument can be small, light weight, and have a long lifetime. In addition, an experiment on high voltage pulses that were amplified due to EHD power generation using a jet flame was also carried out to find whether the electric power of the power source was reduced. The principle underlying the generation of high voltage pulses by charging and discharging external capacitors is outlined below. The space between two electrodes can be seen as a capacitor with a capacitance of C0 and an external capacitor with a capacitance of CB, as shown in Fig. 1 . Here, CB is much larger than C0. We have called the external capacitor a boosted capacitor below. Here, the space between the electrodes is assumed to be filled with gas such as air or low pressure gas. A boosted capacitor is connected in series with the capacitor that consists of the space and electrodes. The boosted capacitor has needle-needle electrodes. When a high voltage is added to this circuit once , the boosted capacitor is charged to a high voltage due to electrostatic induction. The voltage of the boosted capacitor reaches the threshold voltage of the needle-needle electrodes for discharge, which occurs between the electrodes that shorten, and negative charge flows out of the boosted capacitor. Thus, a large current flows between electrodes within a short time. If the discharge has negligible energy loss, all the stored electrical energy in the boosted capacitor migrates to the capacitor, which consists of space and two electrodes. A very high voltage is generated in the capacitor, which consists of space and the two electrodes. This is because the series connected capacitors are recognized as a single capacitor with variable capacitance. The boosted capacitor is ignored by the shortening of the needleneedle electrodes when discharge occurs.
Principle for generation of high voltage pulses
The stored electrical energy of the capacitor that consists of space and the two electrodes is explained next.
Here, V0 is the voltage that is added to the capacitor that consists of space and the two electrodes.
Also, the equation for the stored electrical energy of the boosted capacitor is:
Here, VB is the voltage to the boosted capacitor when discharge occurs. After discharge has occurred, all the stored electrical energy in the boosted capacitor migrates to the capacitor that consists of space and the two electrodes.
The new electrical energy of the capacitor that consists of space and the two electrodes is next changed as:
Thus, the equation for V0' after discharge is:
The stored charge in the boosted capacitor by the move of discharge to the capacitor consists of space and the two electrodes. After that, the moved charges slowly disappear. The equation for the increment of the stored charge at the positive electrode is:
Here, Q0 >0. This ΔQ0 is newly stored in the capacitor that consists of space and the two electrodes for each discharge. ΔQ0(t0) is the supplied charge at discharge, and Q0 is calculated by:
where t0 is when discharge occurs. The equation for the current that flows out of the capacitor is:
where Rp is the internal resistance of the capacitor. The equations from (1) to (8) were converted to differential equations, and the charge, voltage, and currents of the capacitor were calculated.
The equation for the repetition time is:
Here, Rs is the charging resistance, and VOCW is the output voltage of the rectification circuit. The time depends on CB, VB, Rs, and Vocw. Here, the circuit point, at which the output of the high voltage power generator and the input of the rectifier circuit were connected, as shown in Fig. 2 , was connected to the load as an output.
Method for experiment
The bottom Al plate was connected to the positive output of the rectifier circuit via the boosted capacitor.
A high voltage probe (HV-60, Sanwa, Japan), an oscilloscope (TDS-2012, Textronics, Japan), and a testa (CD731a, Sanwa, Japan) were used for measuring the voltage waveform and the average voltage was added to the load, current. The waveform of the output voltage was pulse when the load was not connected because AC and DC voltage were mixed. When the load and the boosted capacitor were connected to the rectifier circuit, arc discharge occurred at the needle gap and the load current increased, which resulted in degrading the output voltage of the DC power source and the occurrence of relaxed self-excited oscillation.
４．Results and Discussion
An experiment to generate high voltage pulses was conducted by using the instrument outlined The repetition rate changed from 80 and to 290 Hz for the output currents of 1.2 and 2.0 A when CB =100 pF was used, as shown in Fig. 3(b) , whereas the repetition rate changed from 10 and to 40 Hz for the output currents of 1.2 and 2.0 A when CB =1000 pF was used, as shown in Fig. 3(b) , due to the increasing charge time of the boosted capacitor. The waveforms of applied voltage to the load obtained by oscilloscope at CB = 100 pF and without arc discharge are given in Fig. 5. (a) , where the 20 kHz AC component appeared in the waveform.
Sawtoothed high voltage pulses applied to the load with the repetition rate of 7.1Hz were observed.
The voltage increments applied to the load within a short time were 6 kV when discharge occurred at the needle electrodes of the boosted capacitor. After that, the voltages applied to the load slowly decreased due to outflowing stored charges. The waveforms of applied voltage to the load obtained by oscilloscope at CB = 100 pF and with arc discharge are provided in Fig. 5. (b) . Also, sawtoothed high voltage pulses applied to the load with a repetition rate of 290 Hz were observed, where the output current increased to 1.8 A and blocking oscillation was observed after arc discharge was generated. The voltage increment applied to the load within a short time was 4 kV when discharge occurred at the needle electrodes of the boosted capacitor. The waveforms of the applied voltage to the load obtained by oscilloscope at CB = 1000 pF and with arc discharge are given in Fig. 5. (c) . Also, sawtoothed high voltage pulses applied to the load with a repetition rate of 33 Hz were observed, where the output current increased to 2.0 A and blocking oscillation was also observed after arc discharge was generated. The voltage increment applied to the load within a short time was 5 kV when discharge occurred at the needle electrodes of the boosted capacitor. Variations occurred in the voltage applied to the load by changing the space gap of the load. However, there was less change in the average or peak voltage applied to the load and the repetitive rate was observed in an experiment. The waveform of the standing voltage applied to the load at CB =100 pF is shown in Fig. 5 
. (d).
It was found that the standing time was a few tens of nanoseconds. The waveform then indicated an oscillation due to the inductance component. Here, the increment of voltage was 6 kV. The waveform of the standing voltage applied to the load observed by using a spherical electrode gap at CB =1000 pF is given in Fig. 5 . (e). We found that the standing time was the same, and the waveform indicated an oscillation due to the inductance component. Here, the increment of voltage was 15 kV. The waveform of current at CB =100 pF is indicated in Fig. 5 (f) , as an example. This was because the waveform of the output voltage was a pulse, and the current flowed asymmetrically.
A larger current flowed when the voltage was high. A pulse current simultaneously flowed in the load at the discharge of the needle electrode gap. The current was evaluated to be 22 mA, which was determined from the voltage of 400 V at the waveform, as shown in Fig. 5 (e) . The duration of the discharge pulse was evaluated to be 3.3 µs. The numerically calculated waveform of the voltage applied to the load, as an example, is shown in Fig. 6 . Equations (5) to (7) were used for calculating the voltage applied to the load and current and charge, where the repetition rate is 100 Hz for the calculation parameter. The VB is 4 kV, C0 is 10 pF, CB is 100 pF, Vini is 10kV, and Rp is 200 Mohm. The time mesh was set to 10 µs. The calculated results in Fig. 6 are the sawtooth waveforms and are consistent with the results in Fig.   5 . It was found that the output currents that flowed out of the load were 6.5 mA at peak and there was a weak current of below 0.1 mA at the charging boosted capacitor. The calculated and measured raised voltage of the pulse during discharge for VB is shown in Fig. 7 . Equations (1) to (4) Fig.7(a) . However, the experimental results are not consistent with the numerically calculated ones at CB =1000 pF, as shown in Fig. 7(b) . The measured VB reduced from the calculated ones at η=1.0. Because the experimental results between using the needle electrode gap and using the spherical electrode gap were almost the same, we expected this to be due to a reduction in capacitance in the ceramic capacitor at high voltage because of material properties. The measured VB was close to the calculated one at η=0.5. It was found that the stored electrical energy of 0.8 mJ completely migrated to the load at CB =100 pF. The raised voltage of the pulse during discharge for CB are plotted in Fig. 8 . Equations (1) to (4) were also used for calculating the voltage applied to the load. It was recognized that the charges in the load depended on the initial voltage, Vini, that was applied to the load. If C0 =10 pF, CB =100 pF, CB =4 kV, and Vini is 0 kV, the boosted capacitor has 32% of the charge stored in the load. If
Vini is 10 kV, only 15% of the charge is stored in the load. The DC component of the output voltage for the rectification circuit must remain low with increasing repetition rate. The numerically calculated results for the raised voltage of the pulse during discharge are plotted in Fig. 9 , where CB =2.5 kV and Vini =15 kV. When capacitance increased, the raised voltage of the pulse became saturated. It has been recognized that we needed to use a capacitor with lower capacitance and high withstand voltage instead of using a capacitor with high capacitance. Fig. 10 . Load using flame jet EHD power generation.
Flame jet EHD power generation [20] was used to enhance the output voltage and reduce consumption power. The structure of the load was modified to the single Al electrode in Fig. 10 to adapt the experiment using flame jet EHD power generation. A negative needle electrode was used for the load, and the flame coming out from a butane burner (flame length: 5 cm) was closed, as shown in Fig. 10 . The distance between the needle electrode and Al electrode was set to 3.0 cm. When CB =100 pF, the repetition rate was remarkably increased from 17 Hz to 250 Hz and a corona discharge from the Al plate electrode was observed. The generated voltage between the flame and the Al plate electrode of the load was estimated to be 40 kV, which was estimated from the corona discharge length of 1.5 cm. A maximum amplified voltage of 40 kV was also prospected from the prevous experiment [20] . The measured voltage applied between electrodes is plotted in Fig. 11(a) . The output current of the DC power source was 0.5 A at CB =100 pF, and the repetition rate increased to 250 Hz. The average voltage between electrodes was 7 kV. The output current of the DC power source was 0.5 A at CB =1000 pF, and the repetition rate increased to 130 Hz. The average voltage between electrodes was 6 kV.
The repetition rate for the output current of the DC power source is plotted in Fig. 12(a) . The repetition rate at CB =100 pF changed to a few Hz and 20 Hz for each output current of 0.3 and 0.5A when the flame jet was not used. The repetition rate increased to 200 and 250 Hz for each output current of 0.3 and 0.5A when the flame jet was used. The repetition rate at CB =1000 pF changed to 1.4 and 2.6 Hz for each output current of 0.3 and 0.5A when the flame jet was used.
The repetition rate also increased to 16 and 130 Hz for each output current of 0.3 and 0.5A when the flame jet was used.
The measured average output current for the rectification circuit is shown in Figs. 12(b) and (c). The output current of the DC power source at CB =100 pF is 0.5A, and the average output current increased to 0.32 mA. The output current of the DC power source is 0.5A at CB =1000 pF, and the average output current increased to 0.28 mA. The results obtained from the experiments are summarized in Table 1 . Table 1 . Comparisons of high voltage pulses being generated using relaxed self-excited oscillation and that using flame jet EHD power generation. The average voltage added to the load was 7 kV when flame jet EHD power generation was used and the average current was 0.32 mA, where the consumption power was evaluated to be 2.1 W. The peak voltage of the load due to voltage amplification of the flame jet EHD increased to around 40 kV. This total consumption power at load was evaluated to be 9 W. When the CB was 100 pF, the stored electrical energy was 0.8mJ, the repetition rate was 250 Hz, and the transfer electrical energy from the boosted capacitor to the load was evaluated to be 0.2 W. When the CB was 1000 pF, the stored electrical energy was 2.4 mJ, the repetition rate was 130 Hz, and the transfer electrical energy from the boosted capacitor to the load was evaluated to be 0.3 W. It was found that the transfer electrical power in both cases was almost the same. The voltage added to the load was multiplied by four times due to the voltage amplification of flame jet EHD, and the transfer electrical power to the load was amplified by 16 times the original power. Thus, the transferred electrical power was finally increased to 5 W, which was the effect of the voltage amplification of flame jet EHD. The multiplication was remarkably significant.
The maximum power from the DC power supply was 10 W. However, we could not obtain adequate capabilities from the rectification circuit because the load was very small. If we had used load with high levels of current, the energy efficiency of the rectification circuit should have been improved. The three main contributions to improvements were: 1) using fewer variations in capacitance for the boosted capacitor, 2) using a flat capacitor with reduced weight, and 3) using a small flame source. Thus, using these would reduce the weight of the instrument.
Conclusion
A simple method of producing high voltage pulses based on electrostatic induction without moving parts was introduced. Sawtoothed voltage pulses with short standing times and repetitions of a few 100 Hz were actually produced in this experiment. The experimental results for generating the voltage pulses were goodly consistent with the numerically calculated ones. We demonstrated that high voltage pulses could be produced by a combination of flame jet induced EHD power generation and a boosted capacitor with low consumption of electricity in the load.
The power consumption was one order lower than that using normal relaxed self-excited oscillation, and the transferred electrical energy from the boosted capacitor to the load was multiplied to 5 W.
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